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INTRODUCTION 

Considerable technological research i s  current ly  underway t o  develop a shale 
o i l  industry in the United S ta tes .  The f e a s i b i l i t y  o f  shale o i l  production i s  be- 
ing tes ted using various technologies, most of which a re  presently a t  the bench- 
level t o  pi lot-plant  stages of development. Concern about the potent ia l  health and 
environmental impacts of such an industry has, in turn,  prompted intensive biomedi- 
cal and  environmental research, much of i t  d i rected a t  chemically a n d  biological ly  
evaluating the genotoxicitylcarcinogenicity potent ia l  of shale  o i l s .  
been demonstrated tha t  cer ta in  crude and chemically f ract ionated shale o i l  samples 
a r e  mutagenic using carcinogen-screening bioassay systems such as  the Ames Salmonella 
assay. (1 -6 )  

The quantity and chemical propert ies  of the  r e t o r t  water vary depending upon the 
re tor t ing  technology used; ( 7 )  aboveground re tor t ing  processes generate much l e s s  
r e t o r t  water t h a n  shale  o i l ,  whereas in s i t u  processes generate approximately equal 
amounts of r e t o r t  water a n d  shale  o i l .  All o f  the re tor t ing  processes designed to 
date  provide for  complete recycling of a l l  process waters, w i t h  no discharge into 
the environment. Nevertheless, considering the enormous amounts of r e t o r t  waters 
t h a t  may be produced in a large-scale  shale  o i l  industry, there i s  considerable con- 
cern about the health and environmental impacts associated with the recycling of 
these waters and any accidental re lease in to  the environment. 

Much i s  known about the inorganic propert ies  of r e t o r t  waters, notably the metal 
and t race  metal content. (8) 
about spec i f ic  c lasses  of organic compounds (9 , lO)  and organometallic species (11 )  i s  
ava i lab le ;  even a few comprehensive s tudies  of numerous classes  of organics have been 
reported.( lZ)  Much remains t o  be elucidated,  however, about the relat ionship of the 
r e t o r t  waters'  organic content t o  mutagenicity and chelat ion of the metals present ,  
i . e .  metallorganics. 

The primary goal of t h i s  study was to  evaluate the mutagenic, organic, and  met- 
a l lorganic  properties of o i l  shale r e t o r t  waters. 
analyzed in the mutagenesis/organics study: 
from the Paraho aboveground r e t o r t ;  a r e t o r t  water from t h e  Occidental v e r t i c a l ,  mod- 
i f i e d  in s i t u  r e t o r t ;  and  a r e t o r t  water from the horizontal ,  t rue  in  s i t u  r e t o r t  a t  
Vernal, Utah.  

i c a l l y  f ract ionat ing the complex organic content of r e t o r t  waters t o  f a c i l i t a t e  t h e i r  
chemical and mutagenic character izat ion.  
several methods f o r  extract ing hydrophobic organics from the r e t o r t  waters: 1 )  sol-  
vent extract ion with pH adjustment; 2 )  XAD-4 par t i t ion  chromatography; and 3 )  C18: 
par t i t ion  chromatography. 
chromatography ( H P L C )  f o r  f rac t iona t ing  the hydrophobic organic f rac t ion .  Each method 
was evaluated b o t h  chemically and  biological ly .  For the metallorqanics/orqanics stud,y 
we decided t o  t e s t  steric-exclusion chromatography as  a means of f rac t iona t ing  metal- 
organic chelates .  

I t  has already 

Retortwaters a r e  co-producedwith s h a l e o i l  durinq the r e t o r t i n q o f o i l  shale. 

Less i s  known about t h e i r  organic content. Information 

Four r e t o r t  water samples were 
a storage water and a condensate water 

A second goal of t h i s  study was to  develop and  evaluate improved methods of chem- 

To begin the mutagenesis study, we tes ted 

We then tes ted the usefulness of high-performance l iquid 
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EXPERIMENTAL ---- 
Mutagenesis/Organics Studies 

- C18-Partition Chromatography. 
i n i t i a l l y  f ract ionated by p a r t i t i o n  chromatography on a Cis-cartridge based on a meth- 
od described by Riggin and Howard.(l3) 
conditioned by e lu t ing  2 m t  of  methanol through i t ,  followed by 4 m t  of milli-Q-puri- 
f i e d  water. 
The organic-loaded C18-cartridge was then washed w i t h  4 m t  of milli-Q water. The hy- 
drophobic organic f rac t ion  of t he  r e t o r t  water was then eluted from the  C18-cartridge 
w i t h  2 m t  of  methanol. 

HPLC Analysis. 
f ract ionated on the  basis  of po lar i ty  by normal phase HPLC u s i n g  an NH,-column and a 
three-solvent mobile phase system. 
5 m t / m i n .  f o r  the f i r s t  5 m i n . ,  followed by a 10 min., l inear  gradient  t o  100% methyl- 
ene chloride; 100% methylene chlor ide flowed i s o c r a t i c a l l y  f o r  5 min., followed by a 
10 m i n . ,  l i n e a r  gradient t o  100% isopropanol; f i n a l l y ,  100% isopropanol flowed iso- 
c r a t i c a l l y  fo r  5 m i n .  The NH2-column was reconditioned by cycling back t o  hexane us- 
ing a 10 m i n . ,  l inear  gradient ,  followed by 100% hexane i s o c r a t i c a l l y  f o r  10 m i n .  

Fif ty  u t  of sample (50 t o  100 mg/ma) were injected onto the  NH2-column per HPLC 
r u n ;  10 to 20 runs of each sample were r e p e t i t i v e l y  col lected in to  250 mz roundbottom 
f l a s k s .  The H P L C  e f f luent  was monitored by UV absorbance a t  250 nm. Each HPLC frac- 
t i o n  was concentrated by ro ta ry  evaporation, t ransfer red  t o  a pre-weighed v i a l ,  evap- 
orated to  dryness under N 2 ,  weighed, and redissolved in  1 mR of  methylene chloride. 
Half of the sample was set  as ide  f o r  combined gas chromatography-mass spectrometry 
(GC-MS) analysis ;  the other  half  was redried and dissolved in 0.5 m t  DMSO f o r  the Ames 
bioassay. 

GC-MS Analysis. The organics i n  the H P L C  f rac t ions  were analyzed on a Hewlett Packard 
5982 GC-MS instrument i n  the  e lec t ron  impact (70  eV) mode. A 15 m x 0.30 mm I.D. 
g l a s s  capi l la ry  column coated w i t h  0.25 urn f i lm thickness of SE-52 was programmed 
from 40°C t o  100°C a t  3Z°C/min., t h e n  programmed a t  8 O C l m i n .  t o  290°C, where i t  was 
maintained isothermally f o r  30 m i n .  A Grob s p l i t l e s s  inject ion system was used. The 
GC column was interfaced t o  a mass spectrometer via platinum-iridium tubing. The 
mass range of 50 t o  300 a.m.u. was scanned by computer (HP5934A) every 1.8 sec. 

Mutagenesis Assay. Agar-plate mutagenicity assays were car r ied  out  essent ia l ly  as de- 
scr ibed by Ames et  a l .  (14) TheTA98 s t r a i n  of Salmonella typhimurium was used with the 
S9 f rac t ion  from r a t  l i v e r  homogenate (induced with Aroclor 1254) a s  a metabolic a c t i -  
vator .  
H P L C  f rac t ions  t h a t  were bioassayed. 
p l a t e ,  rever tant  colonies of TA98 were counted on a New Brunswick S c i e n t i f i c  Company 
Biotran I 1  automated colony counter. 

Each retort water used i n  the  mutagenesis s tudies  was 

In our procedure, the Cle-cartridge was pre- 

Each r e t o r t  water (24-150 m t )  was then loaded onto t h e  C18-cartridge. 

The hydrophobic organic f rac t ion  of each r e t o r t  water was fur ther  

Hexane flowed through the column i socra t ica l ly  a t  

Dimethylsulfoxide (DMSO) was used a s  the solvent  f o r  a l l  of t he  standards and 
After  24 t o  36 hr. incubation of t he  inoculated 

Metallorganics/Organics Studies  

Sephadex G-15 Chromatography. 
6-15 column ( 2 . 5  cm x 31 cm) and chromatographed a t  a spec i f ic  flow r a t e  ranging from 
23-31 m t / h r .  w i t h  milli-Q-purified water. Replicate runs were made w i t h  each sample, 
w i t h  and without Blue Dextran a s  a void volume marker. The column ef f luent  was mon- 
i to red  by UV absorbance a t  254 n m  and col lected i n  4 m t  f rac t ions  on an Isco fract ion 
co l lec tor .  one a l iquot  was set as ide  for  
metals analysis  by plasma emission spectroscopy (PES); the other  half was methylated, 
p r ior  t o  GC and GC-MS analysis .  

Methylation. 
form t o  remove hydrophobic organics. 
analysis .  

Each r e t o r t  water (2-10 mi) was loaded on a Sephadex 

Each column f rac t ion  was divided i n  ha l f :  

Each column subfract ion was extracted w i t h  an equal volume of chloro- 
The chloroform ext rac t  was s e t  as ide  f o r  GC 

The aqueous f rac t ion ,  believed t o  contain polar  organic compounds which 
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might chelate  metals, was evaporated t o  dryness under N, a t  bl00"C. The dried res i -  
due Of  each fract ion was then methylated by adding 1 mR of BF3/methanol (14% w / v )  
and incubating a t  100°C f o r  40 m i n .  in a sealed v i a l .  After cooling, chloroform 
(1 mP.1 was added and the mixture was t ransferred t o  a t e s t  tube containing buffer 
Solution (3 mL of 1M KH2P04, pH 7 ) .  
a Specif ic  amount of the chloroform layer  (0.4-0.7 mL) was t ransferred t o  a glass 
Vial and the chloroform was evaporated under N 2  a t  R.T. 
in chloroform (100-200 u t )  andanal iquot  (1-2 112) was analyzed by GC and  GC-MS. 

GC t n a l y s i s .  The organics in the methylated f rac t ions  were i n i t i a l l y  analyzed on a 
Hew e t t  Packard 5880 gas chromatograph equipped with a flame ionizat ion detector .  A 
fused s i l i c a  capi l la ry  column (30 m x 0.25 mm I.D.) coated with 0.25 wn of SE-52 was 
programmed from 4OoC to  300°C a t  4OC/min., where i t  was maintained isothermally for 
10 rnin. 

GC MS Anal s i s .  
*on a Hewlett Packard 5985 GC-MS instrument in the electron impact (70 eV) 
mode. A 60 m x 0.25 mm I.D. fused s i l i c a  c a p i l l a r y  column coated with 0.25 um of SE-54 
was programmed from 40°C t o  3OOOC a t  5"C/min., where i t  was maintained isothermally 
f o r  8 m i n .  A s p l i t l e s s  inject ion system was used to  introduce the sample onto the 
GC-MS instrument. The GC column was interfaced d i r e c t l y  t o  the mass spectrometer. 
The mass range of 50 to  400 a.m.u. was scanned every 1 sec.  by computer ( H P  2100MX 
equipped with the HP 7920 Large Disc Drive). 

PES Analysis. Each Sephadex column f rac t ion  was analyzed f o r  metals (Fe, Mo, Ni, Mn 
and  Zn) on a Spectrometric Spectra Span 111, t h r e e - j e t ,  d i rect-current  plasma emission 
spectrometer equipped with a multi-element casse t te .  
cording t o  the manufacturer's recommendations. 
1 ppm each Fe, Mo, Ni, Mn and Zn (dissolved in a buffer of 2000 ppm Li, 1% HN03) was 
used to  c a l i b r a t e  the instrument. 
water was used t o  blank the instrument. The instrument's detect ion l i m i t s  were 2 ppb 
f o r  Mn and 5-10 ppb f o r  Fe, N i ,  Mo and Z n .  

Materials 

Samples. The Paraho storage water was sampled on August 26, 1977, and the condensate 
water was sampled on October 13, 1980, a t  the Paraho aboveground r e t o r t  (Anvil Points, 
Colorado). The Occidental r e t o r t  water was sampled on March 7 ,  1979, a t  the Occidental 
v e r t i c a l ,  modified in  s i t u  r e t o r t  (Room 6 )  a t  Logan Islash, Colorado. The Vernal r e t o r t  
water was sampled on July 11, 1978, a t  Vernal, Utah, horizontal ,  t r u e  in s i t u  r e t o r t .  

Standards. Most o f  the standards used in the H P L C  and GC s tud ies  were purchased from 
Aldrich Chemical Company (Milwaukee, Wisconsin) and RFR Corporation (Hope, Rhode Island) 

Chromatographic Columns. The Cis-Sep Pak car t r idges  used f o r  the  Cls-par t i t ion chro- 
matography and the VBondapak NH2-columns and precolumns used in the HPLC analyses were 
purchased from Waters Associates, Inc. (Milford, Massachusetts). The NH2-column was 
a semi-preparative column ( 7  m x 30 cm). 
Sephadex G-15 used in the metallorganics/organics study were purchased from Pharmacia 
Fine Chemicals (Piscataway, New Jersey) .  

Solvents and Glassware. All of the solvents used in the chromatographic analyses were 
red is t i l l ed- in-g lass  solvents purchased from Burdick and Jackson Laboratories, Inc. 
Deionized water was passed through a mi l l i -Q system (Mil l ipore)  containing two ion ex- 
change res ins  and two charcoal f i l t e r s .  All qlassware was acid cleaned. 

After vortexing f o r  one m i n .  and centr i fugat ion,  

T h e  residue was redissolved 

Following the GC analysis ,  the organics in the methylated f rac t ions  

The instrument was operated ac- 
A standard solut ion consis t ing of 

A solut ion of Li-buffered (with 1% HN03), deionized 

The glass  columns (2.5 cm x 45 cm) and 

RESULTS 

htagenesis /Organics  Study 
~ 1 1  of the various methods tes ted for extract ing organics from r e t o r t  waters 
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TABLE 1 .  Organics i n  Oil Shale Retor t  Waters. 

RETORT ORGANIC' TOTAL ORGANIC 
WATER FRACTION (mg/ml) CARBON (mg/ml) 

PARAHO 

PARAHO 
(C 0 N DENS ATE) 

OCCIDENTAL 

VERNAL 

29.85 0.08 

1 . 2 8 + 0 . 1 3  

1.47 ? 0.01 

1 . 0 2 + 0 . 1 5  

1 EXTRACTABLE BY CIS PARTITION CHROMATOGRAPHY 
WITH MeOH ELUTION. 

42.75 

4.08 

4.23 

2.93 

I HPLC 

PH 

8.4 

8.7 

8.9 

8.5 

- 

M I N U T E S  

FRACTION 

FIGURE 1. HPLC of Hydrophobic Organic Fraction from Paraho Storage Retort Water. 
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extracted Some mutagenic a c t i v i t y .  
recovery of mutagenic a c t i v i t y  (2-4 rev/pg); the  amounts of organics extracted were 
a l s o  qui te  reproducible (Table 1 ) .  
appreciable mutagenic a c t i v i t y  (2 .6  rev/pg) b u t  the  e f f ic iency  of extract ion varied 
considerably. HPLC f ract ionat ion of the hydrophobic organic f rac t ion  or  C18-extract- 
able organics, resul ted in considerable f rac t iona t ion  of the  organics and mutagenic 
a c t i v i t y  for  a l l  of the r e t o r t  waters studied (Figure 1 ) .  

On the basis of the H P L C  f rac t iona t ion ,  most of the species i n  the  hydrophobic 
organic f ract ion of each r e t o r t  water chromatographed i n  the  polar HPLC region b u t  
some species chromatographed in the moderately polar HPLC region (Figure 1 ) .  The or -  
ganic content of the various samples appeared t o  be qui te  heterogeneous. GC-MS anal- 
yses of the HPLC f rac t ions  of the o i l  shale  r e t o r t  waters revealed t h a t  the moderately 
polar HPLC region contained mainly nitrogenous compounds: pyridine,  a1 kyl-pyridines, 
a n i l i n e ,  a1 kyl-anilines, quinolines and alkyl-quinolines. The polar HPLC region main- 
l y  contained oxygenated and mixed-function compounds: carboxylic ac ids ,  dicarboxylic 
ac ids ,  phenols, a1 kyl-phenols, and amides. 

ganic f rac t ion .  
lowed by Occidental (0.06 rev/ug), Vernal (0.04 rev/pg) and  Paraho condensate water 
(0.02 rev/Ug). 
or aqueous, f rac t ion .  
v i r t u a l l y  a l l  of the mutagenic a c t i v i t y  was concentrated in the polar  HPLC region 
(Figure 1 ) .  
polar HPLC region, indicat ing a high degree of heterogeneity. The mutagens of the 
Paraho condensate water appeared to  be l e s s  heterogeneous. The mutagens of the  Occi- 
dental and Vernal r e t o r t  waters were even l e s s  heterogeneous, confined exclusively t o  
one region of the polar H P L C  region. 

Metallorganics/Organics Study 

several d i scre te  peaks (Figure 2 ) .  
chromatographic pattern. Detailed GC and GC-MS analyses revealed considerable f rac-  
t ionat ion of the organics (Figure 3 ) .  
peak f rac t ion  (Number 27)  contained qui te  a var ie ty  of polar  organics. The second 
peak f rac t ion  (Number 36) was e a s i l y  the  most complex, containing a broad spectrum 
of organics ranging from N-heterocycles t o  carboxylic acids .  In te res t ing ly ,  Frac- 
t ion 39, a non-UV-absorbing region, contained a homologous s e r i e s  of organics. F i -  
nal ly ,  the th i rd  peak f rac t ion  (Number 4 1 )  contained a moderate var ie ty  of polar or-  
ganics. 
a s  well (Figure 3 ) .  Fe and Zn chromatographed over a wide region, most of which was 
a l s o  associated with organic species. 
very narrow regions associated with organics (Fractions 27 and 29) .  

C18-part i t ion chromatography yielded the highest 

Solvent extract ion with pH adjustment a l s o  yielded 

The mutagenic a c t i v i t y  of each r e t o r t  water was confined t o  i t s  hydrophobic or- 
The Paraho s torage water was the most mutagenic ( 1 . 2 9  rev/ug) ,  fo l -  

No mutagenic a c t i v i t y  was detected in the complementary hydrophilic, 
After HPLC f rac t iona t ion  of the  hydrophobic organic f r a c t i o n ,  

The mutagens of the Paraho storage water chromatographed t h r o u g h o u t  the  

Sephadex 6-15 chromatography fract ionated the organics in r e t o r t  waters into 
Each of the  waters studied yielded a d i s t i n c t  

On the  basis of the GC ana lys i s ,  the f i r s t  

The metals analysis  performed by PES indicated t h a t  metals were fract ionated 

I n  cont ras t ,  most of the Mn chromatographed in 

DISCUSSION 

The chromatographic procedures developed f o r  the mutagenesis and metal lorganics 
s tudies  yielded considerable f ract ionat ion of the r e t o r t  waters '  organics. 
basis  of the mutagenesis study, Cl8-par t i t ion chromatography appears t o  be well-suited 
f o r  extract ing mutagens from r e t o r t  waters and probably other  aqueous samples as well. 
I t  i s  noteworthy t h a t  a l l  of the r e t o r t  waters'  mutagenicity was confined t o  the C18-  
extractable ,  o r  hydrophobic organic, f rac t ion .  As Table 1 indicates ,  t h i s  f ract ion 
generally const i tuted a small percentage of the r e t o r t  waters'  t o t a l  organics. Normal 
phase HPLC with the NH2-column proved useful f o r  fur ther  f rac t iona t ion  of the hydro- 
phobic organic f rac t ion .  As a r e s u l t  of the HPLC analyses, i t  i s  c lear  t h a t  the re- 
tort  waters'  mutagens a r e  polar and, in some cases ,  qu i te  heterogeneous. 
i d e n t i t y o f  the mutagens remains a mystery, however. 
c i e s  ident i f ied  to  date  by GC-MS a r e  known mutagens. 
polar, mixed-function compounds, perhaps N -  and 0-containing species ,  a r e  l i k e l y  can- 
didates .  

On the 

The exact 
None of the numerous organic spe- 

O n  the basis  of the HPLC s tud ies ,  
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7- I OCCIDENTAI 

PARAHO ICONDENSATEI 

0 50 l a ,  150 2w 250 
ELUTION VOLUME ImkJ  

FIGURE 2. S t e r i c  E x c l u s i o n  Chromatography o f  Oi l  Sha le  R e t o r t  Waters w i t h  
Sephadex G-15. 

,,,,/BLUE DEXTRAN 

METALS 

Fe 

- MO 

Mn 

Zn 
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I 
20 30 40 50 w 70 

FRACTION 

FIGURE 3 .  F r a c t i o n a t i o n  of Organ ics  and M e t a l s  i n  Paraho Condensate R e t o r t  
Water w i t h  Sephadex G-15. 
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Steric-exclusion chromatography w i t h  Sephadex 6-15 a l s o  provided considerable 
f ract ionat ion of the r e t o r t  waters'  organics. T h i s  type of  chromatography appears 
t o  be amenable to  the s tudies  such a s  the metallorganics study (15) i n  t h a t  i t  con- 
s t i t u t e s  a ra ther  mild form of chromatography, unlike ion-exchange chromatography, 
fo r  example. 
matography. Indeed, i n  our s tudies  t o  date  w i t h  the r e t o r t  waters, c e r t a i n  metals, 
and organic species appear t o  co-elute ,  presumably a s  d i s t i n c t  complexes o r  aggregates. 
Interest ingly,  each r e t o r t  water appears t o  contain several d i s t i n c t  aggregates w i t h  
nominal MW's 51500, based on Sephadex G-15's nominal f rac t iona t ion  range a s  cal ibrated 
agai n S t  Dextran standards. 
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